To clarify the mechanisms underlying the testicular toxicity of oxfendazole (OX), adult Wistar rats were orally administered a dose of 100 mg/kg/day for 3, 7, or 14 days. Assays of sex-related hormones showed a significant decrease in only the estradiol serum level at days 3 and 7, as compared with the control group. Histopathologically, marked degeneration of meiotic spermatocytes was observed in stage XIV-I seminiferous tubules from day 3 onwards, and these spermatocytes gave positive results on terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL). Abnormalities of spermiogenesis such as megakaryospermatids and binucleated spermatids were also observed in the testes of OX-treated rats. Under the electron microscope, lipid accumulation and dilatation of the endoplasmic reticulum were frequently found in the cytoplasm of the Sertoli cells on day 3. These results strongly suggest that OX induces both apoptosis of meiotic spermatocytes, most probably due to disruption of the microtubules, and degeneration of the Sertoli cells, characterized by distended endoplasmic reticulum and prominent cytosolic lipid accumulation.
INTRODUCTION
Oxfendazole (OX) is a broad spectrum anthelmintic with a wide safety margin, which is commonly used medicinally for the control of gastrointestinal parasites, mainly in cattle, sheep, and horses (Campbell, 1990) . It is a derivative of fenbendazole and febantel; fenbendazole and OX are benzimidazoles that are metabolically interconvertible in vivo, while febantel is a prodrug of both agents, which can be converted either directly to fenbendazole or via the sulfoxide to OX in vivo. Of these agents, OX is regarded as having the most effective anthelmintic action (Montesissa et al., 1989; Petersen and Friis, 2000; WHO, 1991a WHO, , 1991b .
OX has been reported to exert testicular toxicity in Sprague-Dawley (COX-SD) rats after oral administration at 100 mg/kg body weight/day for 14 consecutive days (WHO, 1991a (WHO, , 1991b . Histopathological observation of the treated rats revealed inhibition of spermatogenesis together with hepatocytic vacuolation, atrophy of the lymphoid tissues, inhibited maturation of the bone marrow, and inflammatory lesions of the lungs (WHO, 1991a (WHO, , 1991b . In a 3-month study using Long-Evans rats fed a diet containing 600 ppm OX, testicular atrophy, splenic necrosis or atrophy, and myeloid hyperplasia or diffuse atrophy were found (WHO, 1991a (WHO, , 1991b . In addition, mild to moderately severe hypospermatogenesis with desquamation of the germ cells was observed in Swiss-Webster mice fed a diet containing 10,000 or 50,000 ppm OX for 1 month, or 1,000 or 2,000 ppm for 3 mo (WHO, 1991a (WHO, , 1991b . However, although several other studies have demonstrated testicular toxicity with OX, the mechanisms responsible remain unknown.
In the present study, to clarify the mechanism underlying the testicular toxicity of OX, measurement of serum sexrelated hormones, evaluation of germ cell apoptosis using the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) method (6), and both histological and electron microscopic examinations were performed on rats treated with 100 mg/kg/day of OX for 3, 7, or 14 days.
MATERIALS AND METHODS

Chemicals
Oxfendazole (Synonym: [5-(phenylsulfinyl)-1H-benzimidazol-2-yl]carbamic acid methyl ester, CAS no.: 53716-50-0) was purchased from Hayashi Pure Chemical Industries Ltd. (Osaka, Japan), as a 99.7% pure, almost white powder. It was stored in a refrigerator (temperature 4 • C) before use. Carboxymethylcellulose for use as the vehicle was obtained from Wako Pure Chemicals (Osaka, Japan).
Animals
The rats used in the present study were adult male Wistar rats (aged 10 weeks) obtained from Japan SLC Inc. (Shizuoka, Japan). They were housed 3-4 animals per a wiremesh cage, and kept in an air-conditioned animal room with a 12/12 hr light/dark cycle at a temperature of 23 ± 2 • C and a relative humidity of 55 ± 5%. MF diet (Oriental Yeast Co. Ltd., Tokyo, Japan) and water were available ad libitum. After a 2-week acclimation period, a total of 21 animals with no abnormalities in external features or behavior were selected for the study.
Study Design
The rats were divided randomly into 2 groups. The treated group (n = 12) was given an oral dose of 100 mg/kg OX suspended in 0.5% aqueous sodium carboxymethylcellulose 2 OKAMURA ET AL TOXICOLOGIC PATHOLOGY each day. In our preliminary experiment, inhibition of spermatogenesis was observed in both SD and Wistar rats treated with 50 or 100 mg/kg body weight/day OX orally for consecutive 14 days. To examine the time-course changes of the testis in OX-treated rats, the dosage of OX at 100 mg/kg body weight/day was selected in the present study. The control group (n = 9) received vehicle alone in the same manner. The OX suspension and vehicle were fleshly prepared before each administration. Clinical observations and body weight measurements were performed at each administration. At 3, 7, and 14 days after the first administration, three or four rats from each group were anesthetized with ether, and blood samples were collected from the abdominal aorta for hormone assays. The animals were then sacrificed by exsanguination from the abdominal aorta, and the testes and epididymes of each rat were removed and weighed.
Measurement of Serum Sex-Related Hormone Levels
The blood samples collected at necropsy were centrifuged and the serum was stored at -80 • C until required for use. Serum estradiol, testosterone (estradiol/testosterone kit; Diagnostic Products Corporation, Los Angeles, USA), luteinizing hormone (LH), follicle stimulating hormone (FSH), and prolactin (rat rLH/rFSH/rPRL [ 125 I] assay system; Amersham Pharmacia Biotech, Buckinghamshire, UK) were measured by radioimmunoassay.
Histology and Electron Microscopy
For light microscopy, the testes and epididymes were fixed in FA (12% formalin and 4% acetic acid, not buffered) solution for 24 hr at room temperature and thereafter in 10% neutral buffered formalin for 24 hr at room temperature. They were routinely processed to produce 5-µm-thick paraffinembedded sections, which were stained with periodic acid-Schiff reagent (PAS) and hematoxylin or hematoxylin and eosin (HE). Since acrosomes of the round to elongated spermatids can be found in PAS staining, PAS-hematoxylin staining are usually used for the histopathological examinations including stage-analysis of seminiferous tubules. For electron microscopy, some parts of each testis were cut into 1-mm cubes and immersed in 2.5% glutaraldehyde solution with 0.2 M phosphate buffer at 4 • C for 24 hr. After washing in 0.1 M phosphate buffer, the samples were postfixed in 1.0% osmium tetroxide in 0.1 M phosphate buffer at 4 • C for 2 hr, dehydrated using a graded alcohol series and embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate and examined under a H-7100 transmission electron microscope (Hitachi, Tokyo, Japan).
TUNEL
For histological determination of DNA fragmentation in the testis, 5-µm-thick paraffin-embedded sections were prepared for TUNEL (Gavrieli et al., 1992) , using a commercially available kit (ApopTag Kit, Oncor Inc., USA) in accordance with the manufacturer's instructions. Briefly, the sections were deparaffinized, digested with a proteindigesting enzyme (0.02 mg/ml) for 15 min, and treated with 3.0% H 2 O 2 for 5 min to inactivate endogenous peroxidase. They were then incubated with TdT and a mixture of digoxigenin-labeled nucleotides at 37 • C for 60 min. This was followed by incubation with anti-digoxigenin-peroxidase at room temperature for 30 min, after which the labeled cells were treated with H 2 O 2 -diaminobenzidine for 3-5 min to allow visualization. Finally, the slides were counterstained with hematoxylin. To determine the stage specificity of the TUNEL-labeled germ cells, the seminiferous tubules were classed into 7 groups (I, II-IV, V-VI, VII-VIII, IX-XI, XII-XIII, and XIV) based on the developmental stage of the spermatid, as described by Russell et al. (1990) . The numbers of TUNEL-labeled cells and Sertoli cells were counted in 10 tubules per stage group in each testis after selection of almost round seminiferous tubules. For the numbers of Sertoli cells, nuclei of Sertoli cells, which are oval-or spindle-shaped, scant of chromatin, and often have a definite nucleolus, were counted. Then, the number of TUNEL-labeled cells per Sertoli cell was calculated.
Statistical Analysis
Data for body weights, organ weights, serum sex-related hormone levels and numbers of TUNEL-labeled cells were expressed as mean ± SD values, and significant differences from the corresponding control values were analyzed using Welch's t-test.
Animal Welfare
All animals were handled in accordance with the guidelines for animal experimentation of the Faculty of Agriculture, Tokyo University of Agriculture and Technology.
RESULTS
Body and Organ Weights
No abnormalities in general condition were found during the experimental period, although one animal that had been treated with OX for 14 days showed weight loss and decreased vitality due to bronchopneumonia. At necropsy, there were no significant differences in body weight or absolute/relative organ weights between the control and treated rats (Table 1) . However, 1 control rat showed bilateral testicular atrophy, characterized by Sertoli cells only, and was excluded from the subsequent morphological analysis.
Serum Sex-Related Hormone Levels
The results of the serum sex-related hormone assays are summarized in Fig. 1 . Significant decreases in serum estradiol levels were observed in the treated rats on days 3 and 7. No significant changes in serum levels of testosterone, FSH, LH, or prolactin were observed during the experimental period.
Light and Electron Microscopy
Marked degeneration of spermatocytes with increased cytoplasmic eosinophilia was observed in stage XIV-I seminiferous tubules from all treated rats ( Figs. 2A, B ). In the stage I tubules, degenerated spermatocytes, which were positive for PAS (not shown), were arranged along the inside of intact pachytene spermatocytes carried over from preceding maturational stage (XIV), and step 1 spermatids were absent. The degenerating cells were considered to be meiotic spermatocytes, judging from their morphological features, the stage at which they appeared and the location of the degeneration cells in the seminiferous tubules. Empty spaces due to the loss of these degenerated cells were frequently seen in the stage I tubules. Disappearance of step 1-2, 1-7 and Vol. 32, No. 1, 2004 1-14 spermatids was apparent in the treated rats on days 3, 7, and 14, respectively (Figs. 2C, D) . Based on the spermatogenic cycle, these spermatids loss was probably caused by the degeneration of meiotic spermatocytes rather than a direct effect of OX on spermatids. Megakaryospermatids and binucleated cells sharing a single acrosome were also observed in stage I-II tubules on day 3, stage I-VII tubules on day 7 and stage I-X tubules on day 14 ( Figs. 2E, F) . Vacuolation of Sertoli cells and multinucleated giant cells containing more than three nuclei were commonly found in the testes of treated rats on days 7 and 14. Furthermore, there were many degenerated germ cells within the lumina of the epididymal ducts of treated rats on day 14. No remarkable changes were seen in the Leydig cells during the treatment period. On electron microscopic examination, the degenerated germ cells contained highly condensed chromatin, and highly electron-dense material was scattered throughout the cytoplasm (Fig. 2G) . Lipid accumulation and expanded endoplasmic reticulum were frequently found in the cytoplasm of Sertoli cells on day 3 (Fig. 2H ). This lipid was characterized by the accumulation of neutral fat but not the accumulation of phospholipid within the lysosomes resulting from the phagocytosis of destructive germ cells. The degenerated spermatogonium was occasionally seen near the basal lamina ( Fig. 2I ). Lipid droplets decreased considerably on day 14, and some phagocytized cell debris was found in the Sertoli cell cytoplasm (Fig. 2J ).
TUNEL
On TUNEL analysis, eosinophilic, degenerated meiotic spermatocytes in stage XIV-I seminiferous tubules from the treated rats showed definite positive reactions (Fig. 3) . Most TOXICOLOGIC PATHOLOGY of the TUNEL-labeled cells had contracted and moved to the basal area where they were then phagocytized by the Sertoli cells in stage I-II tubules. Therefore the TUNEL-labeled cells seen in stage I tubules were considered to be residual apoptotic meiotic spermatocytes that have not yet been phagocytized. Although apoptosis of spermatogonia were occasionally found in the seminiferous tubule from the treated animals (Fig. 3C) , it was very difficult to clearly distinguish apoptotic spermatogonia from apoptotic spermatocytes that have been phagocytized by Sertoli cells.
In the testes of rats treated for 14 days, TUNEL-labeled germ cells were found in seminiferous tubules at many other stages besides stage XIV-I. They were mainly pachytene spermatocytes judging from their morphological location, and preleptotene, leptotene and zygotene spermatocytes were also included. Apoptosis of round spermatids were seldom seen. A few residual apoptotic meiotic spermatocytes that have not yet been phagocytized were found in stage II-IV. Quantitative data for these TUNEL-labeled germ cells are shown in Fig. 4 . In the testes of control rats, a few TUNELlabeled germ cells were found in stage I, II-IV, XII-XIII, and XIV seminiferous tubules. In contrast, in the treated rats, the frequency of TUNEL-labeled cells increased significantly in stage XIV and I tubules on days 3 and 7, while significant increases in TUNEL-labeled germ cells were seen in all stages of seminiferous tubules on day 14. 
DISCUSSION
Studies of the effects of the benzimidazole fungicides, benomyl and carbendazim, have shown that they produce various alterations in male reproductive organs (Hess and Nakai, 2000; WHO, 1993) . These agents exert their fungicidal action by interfering with the assembly of fungal microtubules (Davidse, 1986) , and the histopathological changes seen after carbendazim exposure are characterized by vacuolization of Sertoli cells due to disruption of their microtubules as well as stage-specific sloughing of germ cells (Hess and Nakai, 2000; Nakai and Hess, 1997; Parvinen and Kormano, 1974) . When the damage is severe, occlusion of the efferent ductules leads to seminiferous tubular atrophy and male infertility in the rat (Carter et al., 1987; Hess and Nakai, 2000; Nakai et al., 1992) . In addition, necrosis of meiotic spermatocytes in stage XIV seminiferous tubules and abnormal spermiogenesis has been observed at a dosage that does not induce tubular occlusion (Nakai and Hess, 1997) . In the present study, OX induced spermatocytic apoptosis in stage XIV-I seminiferous tubules from the early stages of treatment onwards. The apoptotic spermatocytes were considered to be meiotic, judging from their morphological features, the stage at which the apopto-sis appeared and the location of the apoptotic germ cells in the seminiferous tubules. The appearance under the electronmicroscope was consistent with the metaphase-specific apoptosis of meiotic spermatocytes previously described in MRL mice (Kon et al., 1999 (Kon et al., , 2000 . OX binds to tubulin and inhibits the polymerization of microtubules, and this is the primary mechanism by which all benzimidazoles exert their anthelmintic effect (Campbell, 1990; Lacey, 1990) . Therefore, we consider that OX, like carbendazim, inhibits the meiosis of spermatocytes by binding to tubulin in dividing cells, and that it induces stage-specific apoptosis of spermatocytes. Since microtubules are also critical for spermatogonial mitosis, apoptotic spermatogonia seen occasionally are probably caused by the microtubule toxicity of OX. However, morphological findings obtained in the present study suggest that the meiotic spermatocytes are more susceptible to microtubule toxicity of OX than spermatogonia.
Large, round spermatids have been observed in the mouse testis after treatment with various chemotherapeutic agents, including microtubule-disrupting agents (Lu and Meistrich, 1979; Meistrich et al., 1982) , and have also been seen in the testis of rats treated with carbendazim (Nakai and Hess, Vol. 32, No. 1, 2004 1997). These cells have been assumed to be diploid and this has been supported by recent studies demonstrating that colchicine and vinblastine induce aneuploidy in spermatocytes (Leopardi et al., 1993; Miller and Adler, 1992) . Binucleate cells sharing a single acrosome have also been observed in the rat testis after carbendazim exposure; these were considered to have formed due to a failure in the cytokinesis of secondary spermatocytes following nuclear division (Nakai and Hess, 1997) . In the present study, both megakaryospermatids and binucleated spermatids were observed during the later stages of treatment. Our findings, taken together with the available literature, suggest that these cells are produced by abnormal meiosis due to inhibition of microtubules by OX, and those cells, which do not undergo apoptotic death, become such abnormal spermatids. Multinucleated giant cells are a common abnormality found in the testis under a variety of experimental and pathological conditions (Russell et al., 1990; Smith, 1962) and those seen in the present study always contained round nuclei, whereas the nuclei of the binucleated cells showed elongation up to the step 10 spermatid stage. Since there was no obvious correlation between the appearance of multinucleated giant cells and abnormal spermiogenesis, the formation of multinucleated giant cells may not result from a direct effect of OX.
In the present study, germ cell apoptosis was observed in all stages of seminiferous tubules from OX-treated rats on day 14. These apoptotic cells were mainly pachytene, but preleptotene, leptotene, and zygotene spermatocytes were also affected, and there was no cell type specificity to the apoptotic cells. Moreover, many apoptotic meiotic spermatocytes, which should be phagocytized by Sertoli cells rapidly, remained in stage I seminiferous tubules of OX-treated animals from day 3 onwards. Vacuolation of the Sertoli cells was found on light and electron microscopic examination on day 3. Lipid accumulation was also frequently observed in the cytoplasm of Sertoli cells on electron microscopy in the early stage of the experiment. This lipid was characterized by the accumulation of neutral fat but not the accumulation of phospholipid within lysosomes resulting from the phagocytosis of destructive germ cells, suggesting the dysfunction of lipid metabolism of Sertoli cells. It has been considered that the lipid accumulation of Sertoli cells arises from the breakdown products of phagocytized germ cells (Russell et al., 1990) . However, this hypothesis has never proven, and there exist other situations in which testicular degeneration can occur with or without lipid increase in Sertoli cells (Gehin et al., 2002; Lufkin et al., 1993) . In the present study, lipid accumulation suggestive of dysfunction of lipid metabolism and dilated SERs in Sertoli cell cytoplasm were found in relatively early stage in the experimental period. Then, this lipid accumulation decreased and some phagocytized cell debris was seen in Sertoli cell cytoplasm on day 14. Therefore, it is considered that lipid accumulation is the result of dysfunction of lipid metabolism of Sertoli cells due to the OX toxicity and results in depressed estrogen synthesis (Armstrong and Dorrington, 1977; Dorrington and Fritz, 1975) as evidenced by decrease in serum estrogen observed in the OX-treated rats. The Sertoli cells play a critical role in spermatogenesis by providing the physical support, nutrients, and hormonal signals (such as estrogen and inhibin) necessary for successful spermatogenesis (Griswold et al., 1988) . Consequently, toxic agents that injure or disrupt the functions of the 8 OKAMURA ET AL TOXICOLOGIC PATHOLOGY Sertoli cells can seriously reduce their supportive capacity and result in increased elimination of germ cells via apoptosis (Richburg, 2000) . Microtubules are a prominent feature of normal Sertoli cells, and are responsible for several functions including maintenance of the cellular shape and positioning of the germ cells within the seminiferous tubules (Russell, 1977; Vogl, 1988) . Accordingly, we consider that OX induces dysfunctional features in Sertoli cells, such as vacuolation and lipid accumulation, as well as microtubular damage. Both the delayed phagocytosis of apoptotic meiotic spermatocyte in stage I seminiferous tubules in OX treated rats from day 3 and the germ cell apoptosis seen in all stages of tubules in treated rats on day 14 were considered to be secondary to these damages of Sertoli cells.
In conclusion, the results of the present study strongly suggest that OX induces both apoptosis of meiotic spermatocytes, resulting from the disruption of microtubules, and dysfunction of Sertoli cells, involving development of a distended endoplasmic reticulum and disturbance of lipid metabolism.
